Single-walled carbon nanotubes as nanoelectrode and nano-reactor to control the pathways of a redox reaction † 3 , acting simultaneously as nano-electrode and nanoreactor. Extreme spatial confinement of the redox reaction within the nanotubes changes its pathway compared to bulk solution due to stabilisation of a reactive intermediate.
Carbon nanotubes, renowned for their high electrical conductivity, 1 have found applications in solution-based electrochemistry as nanoscale electrodes with large electrochemically active surfaces and with increased sensitivity for detecting analyte molecules. 2, 3 In addition to their large external surface, single-walled carbon nanotubes (SWNTs) possess internal cylindrical cavities typically 0.9-2.0 nm in diameter, commensurate with the sizes of small/ medium molecules. Inserted in SWNTs, the guest-molecules have been shown to modify the intrinsic electronic properties of the host-nanotubes thus enabling improved electrochemical sensing for H 2 O 2 4 and dopamine, 3, 5 or facilitating electrochemically tuneable optical properties that can be controlled by adjusting the applied potential. 6, 7 Herein we demonstrate that a carbon nanotube electrode is not only a useful surface for enhancing the detection of redox processes, but the confinement of guestmolecules at the nanoscale can change the pathways of their electrochemical transformations with the nanotube acting simultaneously as a nano-electrode and nano-reactor. In order to control the reactivity of molecules through nano-scale confinement it is essential that they are securely entrapped in nanotubes. We employ SWNTs with an average diameter of 1.4 nm to match the size of small organometallic molecules and to provide efficient encapsulation. For example, metal hexacarbonyls 8 or metallocenes [9] [10] [11] [12] [13] can be inserted in such nanotubes from gas or liquid (molten) phases forming 1D molecular arrays within the nanotube cavity. In our study we investigate a half-sandwich complex Cp Me Mn(CO) 3 clearly indicated successful insertion of complex 1 from the liquid phase into the nanotube cavity (Fig. 2c) . The carbonyl stretching vibrations appear to be slightly blue-shifted (by 2 and 6 cm À1 respectively) as compared to the free complex indicating a small amount of charge transfer from the Mn(I) centre to the nanotube sidewall which is to be expected as the host-SWNTs often behave as effective electron acceptors with respect to encapsulated guestmolecules. 8 High-resolution transmission electron microscopy (HRTEM), which enables local-probe analysis with near atomic resolution, confirmed that the nanotubes have no surfaceadsorbed molecules of 1 and showed dark-contrast features in the internal cavities that correspond to Mn metal clusters (Fig. 2a) . The molecules of complex 1 appear to be extremely unstable under the electron beam, rapidly losing ligands and decomposing into metallic Mn even at a reduced energy (100 keV) and dose rate (B10 6 e nm À2 s
À1
) on the specimen. Energy dispersive X-ray (EDX) analysis recorded for individual or small bundles of SWNTs using a focused e-beam (diameter 3-5 nm) identifies the clusters inside the nanotubes as Mn (Fig. 2b) of the complex. The occupancy of the internal space within SWNTs channels was determined to be ca. 62% by a number of independent methods (see ESI †), which indicates that the majority of hostnanotubes are filled with complex 1, while some remain empty, perhaps due to internal blockages in the extremely narrow internal channels of the SWNTs.
The complex 1 has an oxidation at 0.80 V (vs. Fc + /Fc) on a glassy carbon electrode (GCE) producing a highly reactive species 1 1+ that undergoes rapid nucleophilic substitution of one of the CO ligands by a molecule of solvent (acetonitrile) (Fig. 3a) leading to the formation of a new complex, 2 1+ . The , so that the observed cyclic voltammogram can be rationalised as a result of an electrochemical reaction, Fig. 3b ) which is consistent with previous studies on the nucleophilic substitution of CO by CH 3 CN in this complex. 14, 15 Attaching empty SWNTs to the GCE electrode surface (ca. 0.14 mg cm À2 ) increases the electrochemically active surface area by a factor of 3.75, manifested in a significant increase in current in the CV process (see ESI †), however, the pathway of the reaction remains essentially the same, indicating that the redox processes take place in the solution around nanotubes (i.e. within the diffusion layer) where the molecules are surrounded by acetonitrile which acts as a nucleophile. In contrast, when the complex, 1, is inserted in nanotubes (i.e. no longer in solution), and the 1@SWNTs host-guest structures are securely attached to the GCE (Fig. 1) , the redox active molecules are in a different environment as compared to bulk solution experiments. In a typical CV experiment the complex, 1, remains inside the nanotubes, which indicates that all of the molecules are electrically connected to the GCE throughout the potential scan via the carbon nanotubes which act as a physical bridge between the individual encapsulated molecules and the macroscopic GCE electrode. It is remarkable that the total amount of 1 in the CV experiment with 1@SWNT is estimated to be B1.3 mg, which is 838 times less than experiments in which 1 is in solution. However in the bulk solution of 1 only a small fraction of total number of molecules are in the vicinity of the SWNT surface that is, in the diffusion layer, and thus available to undergo the redox process. Unlike the solution experiments, all of the molecules in 1@SWNT undergo oxidation and reduction in each CV cycle, so that the current associated with these reactions is significantly greater than in the solution CV measurements (Fig. 3a) . In essence, the CV measurements for 1@SWNT demonstrate that the nucleophilic substitution of CO for CH 3 CN is hindered for reactive intermediate 1 1+ due to the confinement imposed by the nanotube. Considerations of the basic geometry and size of the guest molecules with respect to the nanotube channel suggest that the SWNT sidewall severely limits the mobility of the CO leaving group for most of the orientations of the complex (Fig. 4a-c With their diameters at the nanoscale and nearly macroscopic lengths, carbon nanotubes are excellent structures for connecting the world of molecules with the macroscopic world. We exploit the high electric conductivity of SWNTs to initiate and measure electrochemical transformations of redox active molecules. Nanotube external and internal surfaces significantly increase the active interface with redox molecules, thus improving the sensitivity of the macro-electrode. Most significantly, an electrochemical reaction pathway can be altered by restricting the reaction volume within the nanotube channel, which offers a powerful new tool for controlling electrochemical reactivity at the nanoscale.
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